We report on the observation and application of near-field speckles with a laboratory x-ray source. The detection of speckles is possible thanks to the enhanced brilliance properties of the used liquid-metal-jet source, and opens the way to a range of new applications in laboratory-based coherent x-ray imaging. Here, we use the speckle pattern for multimodal imaging of demonstrator objects. Moreover, we introduce algorithms for phase and dark-field imaging using speckle tracking, and we show that they yield superior results with respect to existing methods.
X-ray phase-contrast and dark-field imaging methods are investigated worldwide to overcome the limitations of conventional absorption imaging and access unprecedented and complementary object information. More specifically, phase-contrast imaging is often more sensitive than absorption imaging to minute density differences such as those between different types of soft tissue [1] , whereas darkfield imaging provides a map of the scatter strength from unresolvable features in the specimen, such as nanopores, cracks, or fibers [2] . These imaging methods have tremendous potential in many application areas, including biomedical imaging, security screening, and materials science. However, access to phase-contrast and dark-field imaging remains impractical because these methods often require complicated setups and stringent requirements on the properties of the x-ray beam. Among the various x-ray phase-contrast imaging techniques developed in the last decades [3] [4] [5] [6] , only propagation-based methods and grating-based methods are tolerant to divergent and polychromatic beams, and hence compatible with laboratory x-ray sources [7] [8] [9] [10] .
Propagation-based methods use free-space propagation to generate an edge-enhanced image where the second derivative of the phase is superimposed to the absorption signal. They do not require a complex setup or sophisticated optical elements, and they can provide high-resolution data [7] . However, separation of the phase from the absorption information is often difficult or even impossible from propagation-based data, and the dark-field signal cannot be accessed. Grating-based methods, on the other hand, have multicontrast capabilities providing three complementary images from the same data set: the differential phase image, the dark-field image, and the absorption image. These methods, however, often rely on the use of two or three gratings placed between the source and the detector. These are microstructures which absorb radiation, thus causing an increase in the acquisition time [8] [9] [10] .
More recently, a new class of phase-contrast imaging techniques has been introduced. Based on the analysis of sample-induced distortions of a near-field speckle pattern, these methods combine the simplicity of propagation-based imaging with the multiple contrast possibility of gratingbased methods [11] [12] [13] . The speckles are typically generated by a random object with small structures, such as a piece of sandpaper or cardboard, and are resolved by an imaging detector [14] . However, while the properties of the speckle pattern do not crucially depend on the temporal coherence of the x-ray beam-as discussed, e.g., in Ref. [11] -up until now, speckle-based imaging methods have been implemented only at synchrotron facilities using monochromatic x-rays. The various speckle-based techniques differ for the data acquisition and analysis procedures, and the nature of the signal retrieved in the final images.
Single-shot speckle tracking [11] is a fast method which does not require a high-precision scanning stage and yields the refraction angles along two orthogonal directions. The advantage of fast acquisitions comes, however, at the cost of reduced spatial resolution, which is typically lower than the size of the speckles.
To increase the spatial resolution in the retrieved data, and perform a pixel-wise analysis of the speckle structures, a speckle-scanning method has been proposed [12] . This technique, however, requires a large number (more than 1000 in Ref. [12] ) of images recorded at different lateral positions of the random object which is scanned in tiny steps smaller than the speckle size.
The most recent method, named "near-field ptychography," uses a ptychographic algorithm to analyze speckle patterns recorded at different (at least four) lateral positions of the specimen [13] . It allows direct reconstruction of the phase shift induced by the specimen simultaneously with the complex-valued illumination function. This makes near-field ptychography a robust method against beam instabilities, and a reliable technique for accurate quantitative phase measurements.
In this Letter, we report on the observation of near-field speckles with a laboratory x-ray source, and we present the implementation of speckle-based multimodal imaging in this arrangement, using the single-shot speckle-tracking technique. Moreover, we describe new algorithms to retrieve the dark-field information and the quantitative phase image from the speckle data.
The experimental setup is schematically represented in Fig. 1(a) . The x-ray generator was a liquid-metal-jet source with a Ga=In=Sn alloy as the electron-beam target [15] . It was operated at 50 kV and 30 W, and had a focal spot size of 7.8 × 8.7 μm 2 . The enhanced brilliance properties of this source have been exploited for propagation-based phasecontrast imaging with high resolution and high contrast [16, 17] . The detector, located at d ¼ 3.00 m from the source, was a CCD camera with an effective pixel size p s ¼ 9.0 μm coupled through a fiber-optic plate to a 15-μm-thick 5 mg=cm 2 Gadox scintillator. The estimated mean x-ray energy of the detected photons was 16 keV (see Supplemental Material [18] ).
The speckle pattern was generated by a piece of sandpaper at a distance d 0 ¼ 1.00 m from the source [19] . The samples, a polyoxymethylene (POM) wedge and a plastic flower, were placed downstream of the sandpaper, at approximately d 1 ¼ 1.15 m from the source. This geometry gave a magnification factor of 2.6 and a pixel size at the sample plane of 3.5 μm. Five images with an exposure time of 60 s each were collected for each sample, and five reference images were recorded without any sample in the beam path with the same exposure time. The five images in each group were averaged prior to analysis.
The near-field speckle pattern recorded in this way is displayed in Fig. 1(b) . The inset provides an enlarged view of the speckle structure and shows that their size at the detector plane is of approximately 6 pixels (50-60 μm). A profile taken along the dashed line in Fig. 1(b) is plotted in Fig. 1(c) and is used to estimate the speckle contrast. The visibility calculated from points A and B is V ¼ ðI
A sample in the beam path modifies the near-field speckles in three ways: (i) the absorption in the sample decreases the transmitted intensity, (ii) the refraction causes a displacement of the speckles, and (iii) the scattering from unresolvable structures decreases the visibility of the speckles (dark-field signal).
Under the assumption of small refraction angles (which is essentially always valid in this type of experiments), the refraction angles along x and y, α x and α y , are proportional to the displacement field δ x and δ y caused by the sample: α x;y ¼ δ x;y =ðd − d 1 Þ. Assuming that the sample features vary slowly compared to the speckles, and neglecting for the moment the dark-field signal, the measured speckleand-sample image at a given point can be modeled bŷ Iðx; yÞ ¼ TI r ðx − δ x ; y − δ y Þ, where T is the transmission of the sample and I r is the speckle-only measurement. The values of T, δ x , and δ y can be extracted from the cost function fðx 0 ; y 0 ; δ x ; δ y ; TÞ ¼ Z ½TI r ðx − δ x ; y − δ y Þ − Iðx; yÞ 2 × wðx − x 0 ; y − y 0 Þdxdy; ð1Þ
as described in the Supplemental Material [18] . In Eq. (1), Iðx; yÞ is the measured speckle-and-sample data, and w is a window function that masks all but a small region of the speckle image centered at ðx 0 ; y 0 Þ. The quantities extracted from Eq. (1) vary spatially since the minimization is carried out for all possible translations ðx 0 ; y 0 Þ of the window w. The extent of the window w is an important parameter in the analysis, since larger windows provide a more accurate evaluation of the displacement field, at the expense of spatial resolution. In our analysis we used a window with size 24 × 24 pixels [20] .
The results of this analysis are presented in Fig. 2 . The transmission image in Fig. 2(a) As expected, the speckles are shifted mostly in the horizontal direction. The value of δ x is constant throughout the wedge, except at its edge where it increases to more than 5 μm. This might indicate that the angle of the wedge is much larger than 45 degrees in that region. Testing experimental data against theoretical values, we observe that the displacement of the speckles calculated in a region of interest of 100 × 100 pixels centered in the wedge is δ x ¼ 1.80 AE 0.45 μm. This corresponds to α x ¼ 0.99 AE 0.24 μrad. For a 45-degree wedge, the refraction angle in the wedge direction is equal to δ, the real part of its refractive index. This can be derived from the relation α x ðx; yÞ ¼ ∂ x ϕðx; yÞ=k, where k ¼ 2π=λ with λ the wavelength of the radiation, ϕðx; yÞ is the phase shift ϕðx; yÞ ¼ −kδtðx; yÞ, and tðx; yÞ indicates the thickness of the specimen. For a 45-degree wedge in the geometry of the experiment tðx; yÞ ¼ −x þ const. According to the value calculated from the NIST database [23] , the measured value of δ ¼ 0.99 AE 0.24 × 10 −6 for POM corresponds to an effective x-ray energy in the interval 16-20 keV; this is slightly higher than the mean energy of the spectrum without the sample, and is probably also due to beam hardening. The vertical displacement computed from Fig. 2 (c) of δ y ¼ 0.09 AE 0.24 μm confirms that no refraction along y could be observed.
The second sample imaged in this study was a plastic flower glued on a wooden rod; see Fig. 3 . The absorption image in Fig. 3(a) shows the petals, a central thicker disc with a hole in the middle, and the wooden rod used as support. The refraction angle images along x and y are shown in Figs. 3(b) and 3(c) , respectively. The presence of vertical structures (wood fibers) in the wooden rod creates a strong differential phase signal along x [ Fig. 3(b) ], while almost no contrast from the wooden rod can be seen in Fig. 3(c) . This wooden support contains small scattering structures which strongly reduce the visibility of the speckles as visible in the dark-field image, Fig. 3(d) .
Here, we obtain the dark-field signal D by including the speckle contrast in the model used to retrieve the refraction angle data. When the speckle visibility is taken into account, the speckle-only signal can be decomposed into its average I 0 and its spatial fluctuation 
As for T, the quantity D can be analytically calculated from Eq. (2) by solving ∂f=∂D ¼ 0 (see Supplemental Material [18] ).
With respect to previous works on speckle-based imaging, where the dark-field signal has been computed as the standard deviation of the speckle data [12] , this method is based on a physical model that treats in a realistic way the decoherence effects of small scattering structures. Moreover, we introduce a method to exploit the value of the cost function in Eq. (2) at its minimum, f min , to obtain a reliable reconstruction of the phase image. In particular, the value f min has been used as an estimation of the quality of the data (lower f min values correspond to better quality measurements) to weight different regions of the image. The quantitative phase image obtained with our regularized finite-difference method is shown in Fig. 3(e) . Further information on this integration method is given in the Supplemental Material [18] , where the superiority of this integration technique over the commonly used Fourier integration (see, e.g., Ref. [11] ) is also demonstrated. The quantitativeness of the phase shift calculated in this way is confirmed by comparing the refractive index of the 800 μm-thick petals to the theoretical phase shift. The experimental value of δ ¼ 1.48 × 10 −6 , obtained from the average phase shift of −10 rad in the petals, is consistent with the refractive index of plastic materials at 16 keV [23] .
It should be noted that the algorithms presented here are not limited to speckle-based x-ray imaging, but can be extended and applied to any other differential phasecontrast and/or dark-field imaging method, e.g., visiblelight microscopy.
The access to the quantitative phase profile of the x-ray wave front from speckle data suggests the possibility of using this technique for wave-front characterization and metrology experiments at laboratory sources [24] . The dark-field signal obtained from speckle data is isotropic and not directional, as in some grating-based methods. Speckle-based imaging might therefore become a powerful tool for the detection of (among others) pathological breast tissues, which are often characterized by strongly oriented features [25] .
Furthermore, the study of the visibility evolution of the near-field speckle pattern along the optical axis might be used as a reliable measurement of the coherence properties of the x-ray beam, as reported from experiments performed at synchrotrons [26, 27] . Finally, it is also possible to use the information from near-field speckles for studies of colloids or complex fluids with a laboratory setup [28] .
